ABSTRACT KOBAYASHI, GEORGE S. (Tulane University, New Orleans, La.), LORRAINE FRIEDMAN, AND JUDITH F. KOFROTH. Some cytological and pathogenic properties of spheroplasts of ('andida albicans. J. Bacteriol. 88:795-801. 1964.-Spheroplasts of Candida albicans were prepared by use of an enzymatic mixture from the digestive tract of the snail Helix pomatia. Untreated cells exhibited well-defined cell walls, whereas such structures were absent from spheroplasts. The intravenous inoculation of either spheroplasts or intact cells into rabbits produced a fever which was apparent within 30 min, the "immediate" fever response characteristic of microbial endotoxin. Cell-wall fragments of enzyme-treated cells did not induce a convincing pyrogenic response. When the inoculum was viable, body temperatures did not return to normal but remained elevated until death of the animal 1 or more days later, exhibiting the "delayed" fever of infection. The gross pathological picture in animals succumbing to infection by viable spheroplasts was similar to that obtained with untreated yeast cells. Giaja (1914Giaja ( , 1919Giaja ( , 1922 first described the denudation of a Saccharomyces sp. by removal of its rigid cell wall with an enzyme mixture obtained from the gut of the snail Helix pomatia.
first described the denudation of a Saccharomyces sp. by removal of its rigid cell wall with an enzyme mixture obtained from the gut of the snail Helix pomatia.
Since then, protoplasts and spheroplasts of S. cerevisiae, S. carlsbergensis, Schizosaccharomyces pombe, and Candida utilis have been obtained in this manner (Eddy and Williamson, 1957; Eddy, 1958;  Holter and Ottolenghi, 1960; Svihla, Schlenk, and Dainko, 1961) . Garcia-Mendoza and Villaneuva (1962) reported the isolation of another enzymatic preparation, from a Streptomyces sp., which could remove the cell wall from various nonpathogenic yeasts but with varying degrees of effectiveness. None of the previous reports on the susceptibility of yeasts to these enzymatic preparations has included C. albicans. In this study, spheroplasts of C. albicans were prepared with snail enzymes and were isolated by differential centrifugation. The denuding process was followed by phase-contrast and by ordinary-light microscopy; the fine structure of untreated and enzyme-treated cells was studied by examination of uranium-shadowed prel)arations and ultrathin sections with an electron microscope; and the disease-producing capabilities of these denuded cells were investigated by intravenous inoculation into rabbits.
MATERIALS AND \IETHODS
Cultural miiethods. C. albicans strain 374, isolated from a human infection, was maintained by transfer every 2 weeks on Sabouraud glucose agar slants at room temperature, between 24 and 27 C. For growth of cells used in the prel)aration of spheroplasts, the synthetic medium A of Ramachandran and Walker (1957) was modified as follows: 100 ml of buffer, containing 37.5 mgn of (NH4)2HP04 and 30 mg of KH2PO4, were dispensed into 500-ml Erlenmeyer flasks and autoclaved; after the buffer had cooled, 10 ml of MgSO4-7H20 (15 mg) and 30 ml of glucose (15 g), both sterilized by autoclaving, were added aseptically to each flask; finally, 10 ml of a solution containing FeSO4 7H20 (1.7 mg) and biotin (0.0015 mg), sterilized by Seitz filtration, were added to each of the flasks to yield a final volume of 150 ml of medium per flask (pH 6.5). Preparation in this manner prevented the formation of insoluble precipitates and the breakdown of glucose. To check for possible contamination, all of the flasks were incubated at 37 C for 24 hr and then at room temlperature for 72 hr prior to use.
All of a 7-day-old culture of C. albicans, grown on a Sabouraud glucose agar slant, was inoculated into 150 ml of medium A and incubated for 72 (1960) and Svihla et al. (1961) . ' After centrifuoation at 1,300 X g foI 30 min at 20 C, the spheroplasts were concentrated at the sucrose-salt interl)hase which was carefully-removed by suction, and washed fouI times with buffered salt solution. Formaldehyde, to yield a final concentration of 0.5%,, was adlded to a portion of the fresh sp)herol)last sus)ension, and after 12 hr the then dead spheroplasts were washed three times in cold saline. The mateiial which sedimented in the 40% suCIose solution, ter1med "sucrose sediment," was recov-ered and washed in the same manner as that described for spherollasts. Both the spheroplasts and the ":sucrose sediment" were stored at 4 C until used.
T'he reaction of viable sp)herolplasts to osmotic shock was observed bv p)lacing theIm in distilled water an(l watching them under a light microscope for 15 min, after which time a small irop of alcohol was l)laced under the cover slil) and the (ytological changes were recorded. Also, 1 mlll of 95' ethanol was added to 9.5 ml of water containing 1.5 X 1 09 spheroplasts, the mixtuie w-as centrifuged at 1,300 X g for 10 min, and the sediment w-as examinied microscop)ically. Karnovskv (1961) . The stained sections were examined in an RCA. model EMU-2D electron microscol)e.
Animial stuidies. Male New Zealanid white rabbits (Albino Farim-s, Red Bank, N.J.), weighing 2 to 3 kg, were housed individually at a therml-ostatically controlled temperature of approximatelv 21 C. The animals were permitted to acclimatize to their new surroundings for at least I week before experimental use, and they were conditioned prior to pyrogenic assay by l)lacing them in wooden stocks for increasing periods on 3 successive davs. Dturing an 8-hr leriod, rectal temleratures were taken at apl)roxiimately hourly intervals, by inserting the therimometer to a depth of 6.5 to 7.5 cm and allowing it to remain for a period of at least 3 min. On the fourth (lay, the animals were l)laced in the stocks, allowe(d to adjust for 2 hr, andI then were inoculatedl. Rectal teml)eratures were taken at 30-mimin intervals forSPHEROPLASTS OF C. ALBICAJAVS ever applicable, the animals were returned to the stocks on succeeding days to determine the outcome of the pyrogenic response.
The pyrogenicity of 109 particles of viable whole cells, viable and nonviable spheroplasts, and "sucrose sediment" was determined by injecting 1 ml into the right marginal ear vein of the conditioned animal
Since the "sucrose sediment," which was rich in cell-wall material but also contained partially hydrolyzed cells, intact cells, and spheroplasts, i.e., a mixture of all cellular components, induced fever which seemed greater than that observed with spheroplasts alone, although less than from untreated cells, an additional experiment was performed. To determine whether the cell-wall fragments were pyrogenic per se, a cell-wall preparation devoid of soluble protoplasmic material was obtained by exposure of the "sucrose sediment" to sonic treatment at maximal efficiency in a 10-kc Raytheon sonic oscillator for 15 min.
The cell-wall fragments and any other p)articulate debris (e.g., membranes) were recovered by centrifugation, washed several times with saline, and suspended in this milieu to the original volume; 1 ml was injected intravenously into each of three rabbits. As a control, "sucrose sediment" not sonically treated, at the same concentration, was injected into another group of three rabbits and the febrile responses were noted.
Concurrent with each animal exl)eriment, three normal rabbits were injected with the saline used in the preparation of the test materials. The temperatures of these normal rabbits never fluctuated more than 0.5 F; therefore, only changes greater than this were accepted as significant.
Mliscellaneous procedures. All glassware, syringes, and needles were heated at 160 to 170 C in a hot-air oven overnight to destroy any contaminating pyrogens. Doubly glass-distilled water was used in the preparation of all media, reagents, and solutions for injection lpurposes. Physiological saline so prepared was checked for pyrogenic activity by injection into rabbits.
RESULTS AND DISCUSSION
Treatment of a young, actively growing culture of C. albicans with an enzymatic mixture obtained from the digestive tract of H. pomatia resulted in the removal of the cell walls. The progress of digestion as followed by light microscopy is shown in Fig. 1 with highly refractive, granular material. Hydrolysis of the wall appeared to have begun at one edge of the cell, but apparently only a portion eroded, and when sufficient wall was hydrolyzed the spheroplast emerged, leaving a hollow eggshell structure. The separation of the spheroplasts from partially hydrolyzed cells and cell-wall debris by centrifugation on sucrose, removal of the interphase, and repeated washing with isotonic buffer did not alter their morphology (Fig.  1C) , and transfer into a hypotonic environment of distilled water resulted only in swelling, not bursting. This observation of nonsusceptibility to osmotic shock seems to be in contradiction to the observations of other investigators (Eddy and Williamson, 1957) . When, however, the surface of the spheroplast membranes was altered by addition of alcohol, the swollen cells seemed to burst, although the action was so fast the actual process could not be discerned. Also, after suspension of the spheroplasts in ethanol, intact cells could not be found in the sediment. Presumably, this was because the cell membrane contains lipoprotein and the organic solvent altered at least a portion of it, thus lowering the surface cohesive forces of the membrane. Cells before hydrolysis by enzyme were refractory to such treatment. The observation that spheroplasts will lyse in the presence of alcohol provides a rapid but mild method for disruption of these structures as compared with sonic vibration previously used (Svihla et al., 1961) .
Electron microscopic studies of ultrathin sections (Fig. 2) , in general, also confirm that after the enzymatic treatment and the various purification steps the spheroplasts still possessed structural integrity. They were enveloped by cytoplasmic membranes, as shown in Fig. 2D , and nothing resembling cell walls or fragments thereof was evident. While these denuded cells might seem to fulfill the criterion of "protoplasts," in that enzymatic digestion seemed to have removed all of the cell walls, the term "spheroplast" is used because more definitive work (such as immunological studies) to confirm the total absence of cell wall was not performed. Also, they were not osmotically sensitive to water.
Electron microscopic studies of uraniumshadowed whole yeast cells and spheroplasts confirmed the observations made by light microscopy, i.e., untreated cells possessed a well-defined perimeter whereas the spheroplasts did not, confirming the absence of cell wall in the latter.
The electron density of the spheroplasts was irregularly reduced at the periphery of the cell with an accumulation of electron-dense material at the center. Cells not treated with enzymes gave no evidence of such collapse during dehydration by vacuum, presumably because of the structural strength afforded by their intact walls; in a study by Nickerson (1963) , dehydrated yeast cells of C. albicans similarly withstood such treatment. It is suggested, therefore, that collapse of the spheroplasts can be taken, in combination with other results of this study, as evidence of the loss of cell wall through enzymatic treatment. It should be noted, however, that Hurst (1952) presented data showing that structural changes could be brought about by removal of certain lipids of the cell wall without removal of the wall per se. Nevertheless, there seems little doubt that walls of untreated cells remain rigid throughout vacuum dehydration.
The data presented in Fig. 3 confirm the pyrogenicity of C. alb&icars (Braude, McConnell, and Douglas, 1960) ; these data also show that this is not a manifestation solely of intact cells, for both viable and formaldehyde-killed spheroplasts had the ability to produce an immediate fever. These immediate febrile responses were indistinguishable from those observed with bacterial endotoxins (Keene, Silberman, and Landy, 1961) or zymosan (Freedman and Sultzer, 1961) , in that they began as early as 30 min after inoculation, reached a peak at about 3 to 4 hr, and then declined somewhat at about 8 hr. They were elicited by intravenous injection of intact cells, viable spheroplasts, killed spheroplasts, or the enzymatically treated mixture of forms (Fig. 3) . However, cellwall fragments and cellular debris alone (particulate material removed from sonically treated "sucrose sediment") did not elicit a convincing rise in temperature (only 0.1 F above normal fluctuation). Since this material which contained only cell walls and particulate cellular debris was nonpyrogenic, and since the spheroplasts were pyrogenic, it would seem that the cell wall does not possess any of the substances causing the pyrogenic activity of the cell and that the component responsible for the fever resides solely in the intracellular material. One could postulate, however, that the enzymatic treatment followed by sonic vibration may have removed or destroyed the pyrogenically active materials from the cell-wall fragments. If this were the case, it is still not possible that regeneration of cell wall could have accounted for the immediate febrile response when viable spheroplasts were inoculated, because an immediate fever still occurred when killed spheroplasts were injected into rabbits (Fig. 3) . These experiments do not resolve whether or not the pyrogenic material of the spheroplasts was of a particulate or soluble nature because, unfortunately, the supernatant fluid of the sonically treated mixture was not tested in animals, nor were the spheroplasts disrupted and suitable studies made.
Only those animals given viable cells (either spheroplasts, intact yeast cells, or a mixture of these forms) experienced a delayed fever in addition to the immediate febrile response (Fig. 3) . This response persisted for 1 or more days after injection, and those animals experiencing it succumbed to infection. At necropsy, there were bilateral lesions of the kidneys, microscopic examination of which revealed massive numbers of filamentous organisms; cultures of these lesions were positive for C. albicans. 
